We have carried out 125 Te nuclear magnetic resonance (NMR) in a wide temperature range of 1.5 -300 K to investigate electronic properties of Ge50Te50, Ag2Ge48Te50 and Sb2Ge48Te50 from a microscopic point of view. From the temperature dependence of NMR shift (K) and nuclear spin lattice relaxation rate (1/T1), we found that two bands contribute to the physical properties of the materials. One band overlaps the Fermi level providing the metallic state where no strong electron correlations are revealed by Korringa analysis. The other band is separated from the Fermi level by an energy gap of Eg/kB ∼ 67 K, which gives rise to the semiconductor-like properties. First principle calculation revealed that the metallic band originates from the Ge vacancy while the semiconductor-like band may be related to the fine structure of the density of states near the Fermi level. Low temperature 125 Te NMR data for the materials studied here clearly show that the Ag substitution increases hole concentration while Sb substitution decreases it.
I. INTRODUCTION
Complex tellurides have been studied extensively due to their intriguing fundamental properties and their application as thermoelectric materials, [1] [2] [3] [4] [5] [6] which directly convert heat into electricity. The efficiency is characterized by the dimensionless figure of merit zT = S 2 σT /κ (S the Seebeck coefficient, σ the electrical conductivity, T the temperature, and κ the thermal conductivity). The well-known group of thermoelectric materials is complex tellurides based on GeTe, 7-9 TAGS-m materials (GeTe) m (AgSbTe 2 ) 100−m , having a thermoelectric figure of merit zT above 1.
6,10-12 According to band calculations, GeTe is a narrow band gap semiconductor whose band gap is calculated to be 0.3 ∼ 0.5 eV. [13] [14] [15] [16] On the other hand, the electrical resistivity measurements show metallic behavior 7, [17] [18] [19] [20] although the small gap also has been observed by optical measurements. 21 This is believed to be due to high hole concentrations generated by Ge vacancies, forming a self-dopant system with p-type conductivity. 7, 17, 22 Therefore, depending on the samples composition, they may have different concentrations of Ge vacancies resulting in different physical properties. This makes it very difficult to understand physical properties of GeTe-based materials. In fact, there is a significant discrepancy between the electronic and thermal transport data for GeTe-based materials reported in the literature. 6, [23] [24] [25] In order to avoid such confusion, one would need to study the physical property using well characterized samples. We have conducted systematic characterization of GeTe by using x ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), Seebeck coefficient, electrical resistivity, Hall effect, thermal conductivity, and 125 Te nuclear magnetic resonance (NMR) measurements. 7 Hereafter we will use notation Ge 50 Te 50 for GeTe with the coefficients shown in atomic percent. In our previous paper, 7 we concluded that the discrepancy in the data for Ge 50 Te 50 reported in literature can be attributed to the variation in the Ge/Te ratio of solidified samples as well as to different condition of measurements. It is well established that NMR is a powerful tool to investigate carrier concentrations in semiconductors from a microscopic point of view. It is noted that the Hall and Seebeck effects show only the bulk properties, which can be affected by small amounts of a second phase.
26,27
Nuclear spin lattice relaxation rates (1/T 1 ) have been measured at room temperature, and were found to increase linearly with carrier concentrations. 28 However, to our knowledge, no systematic NMR investigation of Ge 50 Te 50 has been carried out in a wide temperature range.
In this paper, we report the first 125 Te NMR measurements of Ge 50 Te 50 in a wide temperature range of T = 1.5 -300 K. We found that the NMR shift K and 1/T 1 T data are nearly temperature independent at low temperatures below ∼ 50 K and both increase slightly with increasing temperature at high temperatures. These behavior can be well explained by a two band model where one band overlaps the Fermi level and the other band is separated from the Fermi level by an energy gap of E g /k B ∼ 67 K. First principle calculations indicate that the first band originates from the Ge vacancy while the second band may be related to the fine structure of the density of states near the Fermi level. We also carried out 125 Te NMR measurements of M 2 Ge 48 Te 50 (M = Ag, Sb) to study carrier doping effects on electronic properties. Clear changes in carrier concentration by Ag or Sb substitutions were observed: the Ag substitution increases the hole concentration whereas Sb substitution decreases the concentration, which is consistent with our previous γN 2π = 13.464 MHz/T) nucleus were conducted using a homemade phase-coherent spin-echo pulse spectrometer.
125 Te NMR spectra were obtained either by Fourier transform of the NMR echo signal at a constant magnetic field of 7.4089 T or by sweeping the magnetic field at a frequency of 99.6 MHz in the temperature range of T = 1.5 -300 K. The NMR echo signal was obtained by means of a Hahn echo sequence with a typical π/2 pulse length of 7.5 µs. room temperature reported previously. 29 With Ag substitution the peak position shifts to lower magnetic field, while the peak position slightly shifts to higher magnetic field with Sb substitution. The FWHM shows a slight increase to 56.0(5) Oe and 54.0(5) Oe at T = 4.3 K for Ag-or Sb-substituted samples, respectively. The FWHM is also found to increase slightly with decreasing temperature for Ag-or Sb-substituted samples. These observed values are also closed to the values (∼ 50 Oe) at room temperature reported previously.
29
The temperature dependence of NMR shift K is shown in Fig. 2 where K is determined by the peak position of the spectrum. Although the absolute values of K depend on the samples composition, their temperature dependencies exhibit qualitatively the same behavior: K slightly decreases with decreasing temperature, then levels off at low temperatures. The temperature dependence of K can be analyzed by a two band model where the first band overlaps the Fermi level and the second band is separated from the Fermi level by an energy gap (E g ). The nearly temperature independent behavior observed at low temperatures is a typical characteristic for metal (due to Pauli paramagnetic susceptibility) originated from the first band. The increase of K at high temperatures originates from the second band, similar to the case of semiconductors. Thus the total NMR shift is given by
where K Pauli is the temperature independent NMR shift related to the the Pauli paramagnetic susceptibility χ Pauli due to self-doping/substitution effects and K semi originates from the semiconducting-like nature giving rise to the temperature dependent contribution because of thermal excitations across an energy gap E g . The temperature independent K orb includes chemical shift, orbital and Landau diamagnetic contributions. As will be shown below, K orb is estimated to be −0.142 %. As the temperature dependent K semi has been calculated as K semi ∝ √ T e −Eg/kBT , 30,31 the total K is given as
Using the K orb = −0.142 % and E g /k B = 67 (4) 29 Note the N (E F ) discussed here is due to unavoidable self-doping and/or Ag(Sb)-substitution effects not including the effects of thermally activated carriers from the second band.
Figure 3(a) shows temperature dependence of 1/T 1 T for the three samples. T 1 values reported here were measured by the single saturation pulse method at the peak position of the NMR spectra. As shown in Fig. 3(b) , the nuclear recovery data can be fitted by a single exponential function 1 − M (t)/M (∞) = e −t/T1 , where M (t) and M (∞) are the nuclear magnetization at time t after the saturation and the equilibrium nuclear magnetization at t → ∞, respectively. Similar to the case of K, 1/T 1 T s for all samples exhibit qualitatively the same behavior: 1/T 1 T decreases slightly with decreasing temperature, then levels off at low temperatures. The temperature dependence of 1/T 1 T also can be explained by the two band model.
In this case, 1/T 1 T is given by
where (1/T 1 T ) const is the temperature independent constant value originated from the conduction carriers and the second term is due to thermal excitation effects from the second band. Fig. 3(c) where
T is plotted against to 1/T on a semi-log scale. It is difficult to estimate E g for Sb 2 Ge 48 Te 50 due to a large scattering of the data. The black solid line in the figure is the best fit with a assumption of E g /k B = 67 K, which seems to reproduce the data reasonably although we cannot determine E g . It is noted that 67 K is too small to attribute to the semiconducting gap energy of 0.3 − 0.5 eV reported from optical measurements for GeTe. const as a function of the temperatureindependent K = K Pauli + K orb at low temperatures for different samples. As shown in Fig. 4 , we actually found a linear relation between (1/T 1 T ) 1/2 const and K in the plot of (1/T 1 T ) 1/2 const vs. the temperature independent K, from which K orb is estimated to be −0.142%.
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Using the NMR data, we can discuss electron correlations through the Korringa ratio analysis. As described, both (1/T 1 T ) const and K Pauli are determined primarily by N (E F ). This leads to the general Korringa relation
where K spin denotes the spin part of the NMR shift. For the 125 Te nucleus, R = 2.637 × 10 −6 Ks. Deviations from R can reveal information about electron correlations in materials, which are conveniently expressed via the Korringa ratio α ≡ R/(T 1 T K 2 spin ). 35, 36 For uncorrelated metals, one has α ∼ 1 . For antiferromagnetic spin correlation, α >> 1; in contrast, α << 1 for ferromagnetic spin correlations. The Korringa ratio α, then, reveals how electrons correlate in materials. Figure 5 shows the temperature dependence of α for the three samples. We found the values of α for all samples are similar, α ∼ 1.25 at low temperatures, where the temperature independent (1/T 1 T ) const and K Pauli dominate, indicative of no strong correlations for conduction carriers originated from selfdoping/substitution effects in the samples. With increasing temperature, α slightly increases above ∼ 50 K. If we assume that the Korringa relation holds at high temperatures, the increase suggests a tiny enhancement of antiferromagnetic spin correlations for carriers. Since the temperature dependence of α originates from the second band having semiconducting nature, these results may suggest that thermally excited carriers play an important role in electron correlation effects in the system. As electron correlations have been pointed out to be significant for a figure of merit (zT values), 37 it is interesting if the increase of zT in Ge 50 Te 50 at high temperatures above 300 K 7 is related to the electron correlations. Further studies at high temperature NMR measurements are required in shedding light on this issue. Now we discuss how the carrier concentration changes by Ag or Sb substitution based on N (E F ) obtained from NMR data. In a parabolic band for noninteracting carriers,
Here n is the carrier concentration and m * the renormalized effective carrier mass. Therefore one can get a simple relation of . Therefore the large increase of the carrier concentration by the Ag substitution and the slight decrease of that by the Sb substitution cannot be explained by the simple substitution effect. Thus these results strongly indicate that the number of Ge vacancies must be different for Ag or Sb substitutions. A similar conclusion has been pointed out in our previous paper.
29
To get insight of the origin of the metallic conductivity in Ge 50 Te 50 , particularly the vacancies effects on electronic structure of Ge 50 Te 50 , we performed first principles calculations where we employed a full-potential linear augmented plane wave method (FP-LAPW) 38 with a generalized gradient approximation (GGA) functional. 39 We constructed supercells which are composed of 27 Ge atoms and 27 Te atoms and randomly choose sites for vacancies or for Ag substituted site. For obtaining selfconsistent charge density, we employed R MT k max = 7.0 and R MT = 2.3 and 2.8 a.u. for Ge and Te atoms respectively. We selected 828 k-points in Irreducible Brillouin Zone for obtaining self-consistent charge and density of states (DOS). As convergent criteria, we used energy difference 0.0001 Ry/cell, charge difference 0.0001 e, and force difference 1.0 mRy/a.u. between self-consistent steps. To get optimized structure, we relaxed atoms around vacancy or the substituted atom so that forces on each atom are less than 2.0 mRy/a.u. 6(c) show the vacancy effect on DOS. In the case of a vacancy at the Ge site (Ge 26 Te 27 ), Fermi level E F moves to lower energy while keeping the similar gap structure with the case of Ge 27 Te 27 . This produces a finite DOS at E F , giving rise to metallic characters. Here the most part of DOS at E F originate from Te 5p and Ge 4p electrons. On the other hand, a vacancy at the Te site (Ge 27 Te 26 ) keeps semiconducting states although some isolated states are developed in the gap. Thus we conclude that a vacancy at the Ge site gives rise to p-type metallic conductivities in Ge 50 Te 50 as has been observed in experiments. A similar conclusion based on electronic structure calculations has been reported by Edwards et al . 20 We further investigate the Ag substitution effect on electronic states. Figures 6(d) and 6(e) show a Ag atom substitution effect on DOS. While replacing a Ge atom by a Ag atom lowers Fermi level and gives metallic characters as in the case of Ge vacancy, replacing a Te atom develops some isolated states in the gap and places E F on the isolated states. Finally, Fig. 6(f) shows DOS for a case that a Ag atom replaces a Ge atom and a vacancy on a the Te atom site. In this case the impurity states are sharper than other cases and E F is located at center of isolated states. As we discussed, our NMR data were well explained by the two band model where one band overlaps the Fermi level giving metallic nature and the other band is separated from the Fermi level by an energy gap of E g /k B = 67(4) K. It is clear that the metallic band can be attributed to the Ge vacancy effect, while the second band cannot be explained by the effect. We found that a vacancy at the Te sites produces isolated state in the gap, and one may think that it could be origin of the second band.
However, our observation of a gap magnitude of 67(4) K [5.8(3) meV] is much smaller than the gap energy of order (0.1 eV) even if we take the isolated states created by the Te defects into consideration. Therefore, we consider that the observed semiconducting nature cannot be attributed to the Te-defect effects but probably fine structures of DOS near the Fermi level.
Finally it is interesting to point out inhomogeneity of electronic states in the samples. According to Levin et al ., 28 electronic inhomogeneity have been observed in some semiconductors such as PbTe from 1/T 1 measurements. Here we investigate homogeneity of electronic states in the samples by measuring T 1 at T = 4.3 K and different positions in the spectra for the three samples. As shown in Figs. 7 (a) -(c), 1/T 1 seems to depend on the positions of the spectra, where we plotted 1/T 1 T together with the corresponding spectrum. One can see that 1/T 1 has a trend of the slight increase at lower magnetic field positions giving to greater K spin . For example, the 1/T 1 T at the peak position of Ge 50 Te 50 is ∼ 0.36 (sK) −1 , while the 1/T 1 T ∼ 0.50 (sK) −1 at a lower field position (H = 7.4033 T). The enhancement of 1/T 1 T and the larger K spin at lower magnetic fields are consistent with an increased carrier concentration. Since 
